We study the distinctive features of the metal-insulator transitions, multiscale phase separation, and evolution of coexisting insulating and metallic/superconducting phases in hole-doped cuprates. We show how these interrelated phenomena and related effects manifest themselves in a wide doping range from the lightly doped to optimally doped regime in these systems, where the localized and mobile hole carriers reside in hole-poor (insulating) and hole-rich (metallic or superconducting) regions. We argue that small hole-rich regions (i.e. narrow nanoscale metallic islands or stripes) can persist in the insulating phase of the lightly doped cuprates, while the competing insulating, metallic, and superconducting phases would coexist in the underdoped cuprates. When the doping level is increased further, the hole-poor regions (or insulating zones) gradually narrow from macroscale to nanoscale insulating stripes and disappear in the optimally doped cuprates. We demonstrate clearly that the metal-insulator transitions and the coexisting insulating and metallic/superconducting phases are manifested in the suppression of superconductivity in underdoped cuprates and in the different temperature-dependent behaviors of the magnetic susceptibility and c-axis resistivity of lightly to optimally doped cuprates.
Introduction
The mechanisms of metal-insulator transitions, microscopic phase separation, and subsequent evolution of insulating and metallic/superconducting phases in hole-doped copper oxides (cuprates ) have not yet been compeletely clarified. In the undoped cuprates, the Mott-Hubbard model is believed to be appropriate to describe the existence of insulating and metallic phases [1] [2] [3] . However, the hole-doped cuprates are much more complex systems [1, [4] [5] [6] than the Mott-Hubbard insulators, and the nature of the relevant charge carriers and metal-insulator transitions has not been well established, because these materials in the intermediate doping regime exhibit the unusual insulating, metallic, and superconducting states [1, 2, 7, 8] . In the overdoped regime, they become usual (normal) metals, while the new insulating, metallic, and superconducting phases of lightly to optimally doped cuprates exist between the c ○ S. DZHUMANOV, I. KHIDIROV, U.T. KURBANOV, Z.S. KHUDAYBERDIEV, J.SH. RASHIDOV, 2019 antiferromagnetic (AF) insulator and normal metal phases. The lightly doped, underdoped, and optimally doped cuprates share the most intriguing insulating, metallic, and superconducting properties, which cannot be understood in terms of the existing theories of insulators, metals, and superconductors based on the standard Wilson and Mott-Hubbard band models [1, 9] and the Bardeen-Cooper-Schrieffer (BCS) model of superconductivity [10] . In these systems, the electronic inhomogeneity, charge segregation, and ordering play a major role in the microscopic phase separation and the formation of alternating insulating and metallic/superconducting stripes (or phases) [11] [12] [13] [14] [15] . Recent micro X-ray diffraction studies have provided the best evidence of the multiscale phase separation from nanoscale to microscale stripes [16] . There are also indications for the coexistence of insulating and metallic/superconducting phases in high-c cuprates [17] [18] [19] and for the manifestations of these coexisting phases in the normal and superconducting properties of lightly doped, underdoped, and optimally doped cuprates [19] [20] [21] . Ap-parently, the evolution of the insulating and metallic/superconducting phases in these materials are manifested in the temperature dependences of their magnetic susceptibility [22] and resistivity [23] , as well as in the suppression of superconductivity (i.e. in the so-called 1/8 anomaly) in the underdoped regime [24, 25] . Despite the considerable theoretical effort (see Refs. [8, [26] [27] [28] [29] ), our understanding of the unusual behaviors of the underdoped and optimally doped cuprates both in the normal state (above the superconducting transition temperature c ) and in the superconducting state is still far from the satisfactory one. The main problem is that the insulating and metallic/superconducting properties of these materials depend on the nature and types of charge carriers introduced by the doping, which have especially been the subject of controversy, being attributed either to some hypothetical quasiparticles (e.g., holons and quasifree electrons or holes) [2, 30] or self-trapped quasiparticles (large and small polarons) [31] [32] [33] . The idea of phase separation and segregation of charge carriers in the form of insulating and metallic clusters or stripes in doped cuprates has a long history (see, e.g., Refs. [34] [35] [36] ). This important idea was proposed very early [34, 35] and then pursued in different models [12, 13, 15, [37] [38] [39] . The distinguished feature of the cuprate compounds is that they are typical polar materials. Therefore, the electron-phonon interactions in doped cuprates are expected to be sufficiently strong and unconventional. Apparently, doping-induced effects, unconventional electron-phonon interactions, and polaronic effects play an important role in these polar materials [5, 8, 31, 32, 40] and create inhomogeneities, which may give rise to the phase separation into insulating and metallic/superconducting regions in the lightly to optimally doped cuprates. The distinctive features of the metal-insulator transitions and the multiscale phase separation, which are manifested in the dopingdependent electronic properties of the doped cuprates
have not yet been studied thoroughly. So far, the understanding of the origin and the evolution of the insulating and metallic/superconducting phases in these intricate materials represents a formidable challenge for both theory and experiment (see, e.g., question marks in the phase diagrams of hole-doped cuprates presented in Refs. [41] [42] [43] ).
In this work, we study the distinctive features of the metal-insulator transitions, multiscale phase separation, and subsequent evolution of coexisting insulating and metallic/superconducting phases in holedoped cuprates. We will clarify how these interrelated phenomena in -and -based cuprates can occur in a wide doping interval from lightly to optimally doped regime. Then we will examine thoroughly the possible effects of metal-insulator transitions, multiscale phase separation, and evolution of coexisting insulating and metallic/superconducting phases on the high-c superconductivity in underdoped cuprates and on the magnetic susceptibility and the -axis resistivity of lightly to optimally doped cuprates. In so doing, we will show that the distinctive features of metal-insulator transitions, microscopic phase separation, and related effects manifest themselves in the doping-dependent electronic properties of hole-doped cuprates, particularly in the suppression of superconductivity in underdoped cuprates and in the temperature-dependent behaviors of the magnetic susceptibility and the -axis resistivity in lightly to optimally doped cuprates.
Relevant Charge Carriers and Their Specific Ordering in Hole-Doped Cuprates
The parent undoped cuprates with charge-transfer (CT) gaps Δ CT ≃ 1.5-2.0 eV [1, 2] are the MottHubbard insulators. Upon the -type doping (hole doping) of cuprates, the free holes introduced into the oxygen valence band interact with lattice vibrations, and they become self-trapped quasiparticles (polarons) in a deformable lattice. A large ionicity of the cuprates = ∞ / 0 ≪ 1 (where ∞ and 0 are the high-frequency and static dielectric constants, respectively) enhances the polar electron-phonon interaction and the tendency to the polaron formation [31] [32] [33] . In these systems, the conditions for the formation of (bi)polarons, as shown in Refs. [44] [45] [46] , are much easier than in other non-polar compounds. Actually, the self-trapping of holes by now has been discovered in different classes of substances (including alkali halides [47, 48] and cuprates [5, 49] ). Here, we note that the quasifree electrons or holes can exist only in ordinary metals, monoatomic semiconductors (e.g., Si and Ge), and heavily overdoped cuprates. A doping charge carrier interacting with surrounding ions of the lattice and altering the equilibrium positions of these ions creates an attractive potential well for the self-trapping of such a carrier. As a re-sult, the ground-state energy is always lowered by this polaronic effect. The binding energy p of a polaron is associated with the energy lowering resulted from carrier's adjusting to ionic vibrations. Charge carriers in doped cuprates can also form large bipolarons, in which two carriers are bound within a common selftrapping potential well [31] . The binding energy B of a large bipolaron is determined from the relation B = | B − 2 p |, where B is the ground-state energy of a large bipolaron. Theoretical [31] [32] [33] 50] and experimental [5, 51] studies showed that the charge carriers in doped cuprates are polarons with effective masses p ≃ (2-3) e [5, 52, 53] , where e is the free electron mass.
We argue that the ground states of doping charge carriers in polar cuprates are their self-trapped (polaronic) states lying in the CT gap, and the states of quasifree holes in the oxygen valence band become the excited states of hole polarons. Therefore, the new insulating gap in doped cuprates is nearly ten times smaller than the CT gap Δ CT [1, 3] . It is well known [31, 48] that the large-and small-polaron states in three-dimensional solids are separated by a potential barrier. If the height of a potential barrier is sufficiently high [54] , the existence of small polarons in the bulk is unlikely. A self-trapped carrier is usually called a large polaron, when its size is larger than the lattice constant. The lattice constants of the cuprates are about (4-6)Å, while the values of the radius of polarons presented in Ref. [5] are about (8-10)Å. Further, the relatively small binding energies of polarons p ≃ 0.06 eV and p ≃ 0.12 eV were observed in optimally doped and underdoped cuprates, respectively [51] . These and other experiments [49] suggest that the relevant charge carriers in doped cuprates are large polarons.
In the recent experimental observations [55] [56] [57] , giant phonon anomalies in underdoped cuprates confirm also a large electron-phonon interaction leading to the complex ionic displacement pattern associated with the charge-density-wave (CDW) formation. Those phonon anomalies are a reminiscence of the anomalous phonon softening and broadening effects, which are caused by the polaron formation. Therefore, the formation of a CDW in doped cuprates is none other than the polaron formation in a deformable lattice. Actually, the CDW associated with the lattice distortion is similar to the polaronic picture. The size distribution of CDWs and their spatial arrangement have been determined at the nanoscale and the mesoscale, using the scanning micro X-ray diffraction [16] . The CDW puddles, like the vapor bubbles in boiling water, as seen by this Xray diffraction [16] , are very similar to the deformation clouds of polarons. The lightly doped and underdoped cuprates are inhomogeneous systems (where the dopants and charge carriers are distributed inhomogeneously), and they are more inhomogeneous than optimally doped cuprates [58] . One can assume that the charge carriers (i.e., hole polarons) in these systems segregate into carrier-rich and carrier-poor regions as a result of their specific ordering. We argue that the specific ordering of these charge carriers in carrier-poor and carrier-rich domains, just like the ordering of atoms in solids, results in the formation of simple cubic, body-centered cubic, and face-centered cubic superlattices with coordination numbers = 6, 8, and 12, respectively, and the formation of different energy bands of polarons in the CT gap of the cuprates. In the carrier-poor regions, a narrow polaronic band is formed inside the CT gap. In this case, the system becomes an insulator, where polaronic carriers become localized, and their hopping conductivity occurs within the narrow polaronic band. In contrast, the charge transport in a sufficiently broadened polaronic band (i.e. in carrier-rich regions) becomes metal-like. Similarly, the charge transport in the broadened impurity band becomes also metal-like at higher doping levels.
Distinctive Metal-Insulator Transitions and Multiscale Phase Separation in Hole-Doped Cuprates
Many experiments (see Ref. [54, 58] ) testify to the segregation of charge carriers in inhomogeneous holedoped cuprates into carrier-rich and carrier-poor regions. We imagine this physically as follows. As the doping increases toward the optimally doped region, the specific charge ordering and segregation lead to the formation of dynamic (metallic) and static (insulating) stripes in carrier-rich and carrier-poor regions, respectively. It is natural to assume that the different superlattices of polarons are formed at their inhomogeneous spatial distribution. When the carrierpoor and carrier-rich regions coexist in underdoped cuprates, the important question arises: how and at which doping level = does the width of the polaronic band reach a critical value, above which the polaron transport becomes metallic, and a doped cuprate material can undergo a phase transition from an insulator to a metallic state? The criterion for such metal-insulator transition can be written in the form [54] 
where p is the lattice constant of large polarons, p is the radius of such polaron, F = 2 (3 2 ) 2/3 /2 p is the Fermi energy of large polarons.
Criterion (1) for a certain level of doping = (where is the density of polaronic carriers) can be rewritten as
where = 1/ is the density of host lattice atoms, and is the volume per CuO 2 formula unit in the cuprates.
For the simple cubic, body-centered cubic, and face-centered cubic superlattices of polarons with = 6, = 8, and = 12, the lattice constants of non-overlapping polarons can be determined as
The maximum and minimum values of determined from relation (2) correspond to the simple cubic and face-centered cubic superlattices of polarons. Therefore, applying criterion (2) for metal-insulator transitions to the cases of simple cubic and face-centered cubic superlattices of polarons, we can write
Now, we estimate 1 and 2 for La 1− Sr CuO 4 (LSCO) and YBa 2 Cu 3 O 7− (YBCO) by taking p = = (2.1-2.7) e in LSCO [5, 52, 53] and p = (2.0-4.0) e in YBCO [5, 59] . In so doing, we use the theoretical values of p ≃ (0.09-0.106) eV at ∞ = 3.5 and = 0.02-0.10 [54] . The values of are determined approximately as follows. The lattice constants of the orthorhombic LSCO can be taken approximately to be = ≃ 5.4Å and ≃ 13Å Thus, we see that, in LSCO, the metal-insulator transitions and multiscale (from nanoscale to macroscale) phase separation into carrier-rich metallic (at > 1 and > 2 ) regions and carrier-poor insulating (at < 2 and < 1 ) regions may occur in the doping interval from ≃ 0.042 (lightly doped region) to 0.131 (underdoped region including also the "magic doping = 1/8"), while such metalinsulator transitions and phase separation in YBCO would occur in the doping interval from ≃ 0.021 to ≃ 0.125. These results are in reasonable agreement with the experimental data on the metal-to-insulator crossover and the stripe formation in lightly doped and underdoped cuprates [18, 24, 25, 61, 62] .
Manifestations of Metal-Insulator Transitions, Multiscale Phase Separation, and Related Effects in Hole-Doped Cuprates
Attempts to explain the unusual normal-state properties of underdoped cuprates (in particular, insulatormetal crossover taking place far in the superconducting region, the insulating behavior of the -axis resistivity, and the temperature-dependent magnetic susceptibility in the metallic state) and their suppressed superconductivity and pseudogap behaviors have led to many controversial assumptions (see, e.g., Refs. [1, 4, 19, 24, 25, 28] ). One point of view, which stands out in the context of the experimental evidence, is the idea of preformed pairs [6] considered to be the fluctuating Cooper pairs, which are believed to be present in HTSC well above c [63] . Unconventional interactions between quasiparticles in underdoped cuprates may lead to their new and unidentified electronic states. Importantly, an abrupt change of the carrier velocity at 50-80 meV has been observed by the angle-resolved photoemission spectroscopy (ARPES) in high-c cuprates [64] . Such kink-like feature in the electronic quasiparticle dispersions around 50-80 meV cannot be explained by any known process other than a specific electron-phonon coupling. In reality, the unconventional electron-phonon coupling and polaronic effects are major factors influencing the electronic properties (in particular, magnetic susceptibility and resistivity) of lightly to optimally doped cuprates.
As is well known, the magnetic susceptibility and electric conductivity in the normal state of underdoped cuprates are different from the ones explained by the usual band theory. Although some researchers have started to construct the theory of magnetic susceptibility and charge transport in the cuprates [26] [27] [28] 65] , the magnetic susceptibility and the charge transport in the -direction have seldom been investigated. We now discuss the problem of the insulatorto-metal crossover by studying the doping and temperature dependences of the magnetic susceptibility and the -axis resistivity of lightly doped, underdoped, and optimally doped cuprates. In so doing, we use the large (bi)polaron model, the impurity and polaron band models. We also use the unusual form of a BCS-like pairing theory of polarons and believe that such modified BCS-like theory is applicable to the underdoped and optimally doped cuprates. In the following, we study the possible manifestations of the metal-insulator transitions and competing effects of coexisting insulating and metallic/superconducting phases in the temperature dependences of the magnetic susceptibility ( ) and the -axis resistivity ( ) of lightly to optimally doped cuprates and in the suppression of superconductivity (i.e. c ) in underdoped cuprates with regard for the real physical situation in these systems.
Supression of superconductivity in underdoped high-c cuprates
The above results provide a natural explanation for the so-called 1/8 anomaly (i.e. the suppression of superconductivity at = 1/8) in the underdoped cuprates. According to our results, the doping level = 1/8 is of vital importance for various underdoped cuprates, since the part of dynamic stripes becomes static at ≤ 1/8 and metallic/superconducting domains begin to decrease just at this doping level.
The critical temperature of the superconducting transition c depends on the density of superfluid carriers (i.e. bosonic Cooper pairs) and reaches the maximum at the optimal doping. If the interboson coupling constant B is small, the maximum value of c in optimally doped cuprates can be determined as the superfluid condensation temperature of attracting bosons from the relation [3] max c If we now assume that two different kinds of charge carriers are present in underdoped highc cuprates, i.e., mobile hole carriers in superconducting stripes and immobile hole carriers in adjacent insulating stripes, we may be able to explain the suppression of high-c superconductivity naturally, as will be shown here. Actually, in underdoped cuprates, the insulating and metallic/superconducting stripes coexist at 0.13. As a result, c becomes less than max c . Therefore, the actual critical temperature of the superconducting transition for the two-component stripe-phase system can be defined as
where S is the total volume of the superconducting regions of the underdoped cuprate material, I is the total volume of the insulating regions of this material. It is reasonable to assume that the ratio I / S for underdoped system LSCO is about 0.2 at 0.13. Table 2 of Ref. [6] ). For the underdped system YBCO, we can use the experimental value of c to determine the ratio I / S , by using Eq. (6). If we take I / S = 0.25 for YBCO at = 0.12, we find c = max c /1.25 = = 74 K, which is consistent with the experimental data for YBCO [66] (3 c ≃ 220 K at = 0.12). In YBCO, the ratio I / S is negligible at = 1/8. So, almost all of the hole carriers are superfluid carriers at 1/8, and c changes little between ≈ 0.125 and opt ≈ 0.16. These our predictions are also well consistent with the experimental results presented in Ref. [66] .
Here, we propose (based on the above results) the microscopic picture of the phase separation from nanoscale to macroscale stripes and the evolution of coexisting insulating and metallic/superconducting phases in lightly to optimally doped cuprates (Fig. 1) .
In this more realistic picture, the metallic phase is absent in the lightly doped cuprates ( ≃ 0.02), in which the doped holes are immobile (Fig. 1, a) in a narrow polaronic band. Our results indicate that the first metallic phases appear in the lightly doped cuprates at > 0.02 in the form of narrow stripes (Fig. 1, b) in accordance with the experimental findings [18, 67] . It follows that the insulator-to-metal transition and the nanoscale phase separation in the lightly doped cuprates ( ≃ 0.02-0.05) occur only on a local scale (in small carrier-rich regions). Note that the metal-insulator transition occurring in these systems at = 0.05 and = 0 is manifested as a superconductor-insulator transition (see also Ref. [1] ). For doping levels above = 0.05, the carrier-poor and carrier-rich regions as the insulating and metallic/superconducting phases coexist firstly in the form of competing static and dynamic stripes in the underdoped cuprates on a global (i.e. macroscopic) scale (Fig. 1, c) . Then the insulating regions (or stripes) are gradually narrowed and finally disappear in the optimally doped cuprates. Thus, one can expect the coexistence of insulating and metallic/superconducting phases in lightly to optimally doped cuprates and the suppression of superconductivity (i.e., c ) in underdoped cuprates near the = 1/8 doping due to an increase of the insulating volume fraction at the expense of the superconducting volume fraction at < 0.13. Actually, in underdoped cuprates, the superconductivity is markedly suppressed, when the dynamic stripes become static at = 1/8 [25] . Finally, the insulating phases persist in the slightly underdoped cuprates in the form of narrow nanoscale stripes (Fig. 1, d) , which would disappear in optimally doped cuprates (Fig. 1, e) . The above multiscale phase separation from a local scale to a global scale occurs in lightly to optimally doped cuprates, as seen by the X-ray nanodiffraction in cuprates [16] .
Temperature dependence of the magnetic susceptibility in lightly doped cuprates
In the lightly doped cuprates ( 0.05), both defect centers and polarons (which are products of the thermal dissociation of large bipolarons residing between the CuO 2 layers) contribute to ( ). In this case, the total dimensionless magnetic susceptibility can be determined from the relation
where D ( ) and * p ( ) are the contributions to ( ) coming from defect centers and polaronic carriers, respectively,
−1 is the Fermi distribution function for the polarons produced by the thermal dissociation of bipolarons, B is the binding energy of a large bipolaron,
√ is the density of states of polarons, B is the Bohr magneton, and D is the density of defect centers.
Here, it is natural to believe that the density of defect centers D decreases with increasing the doping (i.e. in the metallic state), because the lightly doped cuprates are much more inhomogeneous in comparison with the optimally doped cuprates, as observed in experiments [58] . Further, we took into account that the magnitude of B varies from 0.0003 eV to 0.014 eV for ∞ = 3.5-4.5 and = 0.10-0.12 [54] . The first term in Eq. (7) is nothing other than the Curie law D ( ) ∼ 1/ for localized carriers, while the contribution of thermally dissociated bipolarons to ( ) is
where = / B . Substituting Eq. (8) into Eq. (7), we define ( ) for the cuprate material, which has the mass density M , in the form
The variation of ( ) in the lightly doped cuprate LSCO is shown in Fig. 2 . The model fitting of experimental data for ( ) is obtained, by using expression (9) , and is controlled mainly by the parameters D and B . The best fit of the experimental ( ) curve can be obtained under the following conditions: (i) the value of D in underdoped cuprates should be much smaller than in lightly doped cuprates; (ii) the value of F should be larger than the value of FI , and (iii) the value of p should be much smaller than the value of I . The value of the mass density M in the cuprates varies approximately from 4.0 g/cm 3 to 6.4 g/cm 3 [68] . The actual values of the effective polaron mass in these systems are about p = (2-5) e [5, 69] . As can be seen by the inspection of Fig. 2 , ( ) decreases with decreasing the temperature, reaches a minimum, and then increases exhibiting an insulating behavior in agreement with the experimental ( ) curve for the lightly doped LSCO ( = 0.05) [22] . In Fig. 2 , our theoretical curve is a much better fit of the experimental points, and expression (9) describes fairly well the insulating behavior of the magnetic susceptibility ( ).
Temperature dependence of the magnetic susceptibility in underdoped high-c cuprates
When the densities of impurities (dopants) and polarons increase, the impurity and polaronic bands are formed in underdoped cuprates. It was argued [70] that the Cooper pairing without superconductivity may occur at low carrier concentrations in semiconductors. Similarly, the Cooper pairing of polarons at a characteristic temperature * above c may occur in a degenerate polaronic Fermi gas with F ≫ B , namely, in sufficiently broadened polaronic band [71] , while the charge carriers in the narrow impurity band (i.e., charge carriers trapped by impurities) remain unpaired [72] . One can expect that the BCS-type Cooper pairing of large polarons occurs without superconductivity above c in carrier-rich regions of underdoped cuprates, while the real-space pairing of such polarons in carrier-poor regions leads to the formation of large bipolarons. Large bipolarons and polaronic Cooper pairs are dissociated into two separate polarons with increasing the temperature. Large bipolarons with binding energies B ≪ 0.1 eV can exist in carrier-poor (insulating) regions between the CuO 2 layers, while the Cooper pairs of polarons can exist in carrier-rich (metallic) regions, where the Fermi energy of polarons is of order F 0.1 eV. In underdoped cuprates, the defect centers, unpaired charge carriers in the impurity band, thermally dissociated large bipolarons, and polaronic Cooper pairs contribute to ( ). Thus, the expression for the total dimensionless magnetic susceptibility in those materials can be written as
where
is the contribution to ( ) coming from the charge carriers in the impurity band,
√ is the density of states in the impurity band,
is the Fermi distribution function for the carriers in [22] the impurity band (where the energy of carriers is measured from the Fermi energy FI ), I is the mass of carriers in this band,
is the contribution to ( ) coming from the polaronic components of the thermally dissociated Cooper pairs, c ( ) = p ( )/2 is the density of states at the Fermi surface for polarons of one spin orientation introduced in the BCS pairing theory [3] ,
is the Fermi distribution function for the excited polaron components of Cooper pairs, and Δ * ( ) is a BCS-like energy gap (or pseudogap) in the excitation spectrum of polaronic Cooper pairs.
Although the usual BCS theory of superconductivity in simple metals is inadequate for the explanation of high-c superconductivity in the underdoped cuprates, the unusual forms of Fermi-liquid theory and BCS-like pairing theory can be used to study the anomalous normal-state properties of highc cuprates. In particular, the modified BCS-like theory can adequately describe the Cooper pairing of polaronic carriers in the normal state of high-c cuprates above c . The temperature dependence of the BCS-like gap parameter can be approximated as (cf. Refs. [73, 74] ) Here, we have compared numerically the BCS-like equation for Δ * ( ) and the simpler (i.e. convenient) expression (13) chosen by us for the calculation of Δ * ( ). In so doing, we checked that the analytical expression given by Eq. (13) is the best approximation to the BCS-like gap equation. One can assume that the main contribution both to C ( ) and to BCS-like pairing of polarons below * comes from polaronic carriers, whose energy is close to the Fermi energy F . Then c ( ) in Eq.(12) can be replaced by c ( F ). As a result, we obtain
Here, we note that FI and F are temperaturedependent, i.e.
and
In order to compare the calculated results for ( ) with the experimental data [75] , we write the final expression for ( ) as
where is the molar mass. More importantly, the contribution of the last term in Eq. (17) becomes decisive for the fitting of experimental data below * ≃ 200 K. In the normal state of underdoped and optimally doped cuprates, the BCS-like pseudogap Δ * ( ) is manifested in ( ) below * , as shown in Fig. 3 for the underdoped YBa 2 Cu 3 O 6+ . At high temperatures ≫ * , the magnetic susceptibility of these high-c cuprates depends weakly on the temperature. According to (17) , ( ) begins to decrease gradually with lowering the temperature down to * . Then the decrease in ( ) with lowering below * becomes more rapid (see Fig. 3 ) due to the appearance of the pseudogap Δ * in the excitation spectrum of the underdoped YBa 2 Cu 3 O 6+ , for which we took the molar mass = 668 g/mole [76] in our calculations. The step-like kink in Fig. 3 is associated with the appearance of the BCS-like pseudogap near a characteristic temperature * at the Cooper pairing of polarons. The expected step-like kink in the experimental ( ) curve may be smeared out by simple inhomogeneities in the underdoped cuprates and was actually observed as a change or break of the slope of ( ), by curving downward below * ≃ 200 K. In the experiment, the expected BCS-type (i.e. step-like) kink near * ≃ 200 K is buried within the noises just like the BCS-like jump of the specific heat (see Ref. [72] ) and observed as a mild pseudogap feature due to the sample inhomogeneity effects. When the inhomogeneity effects predominate over the pseudogap effect on ( ), the BCS-like pseudogap feature near * is strongly depressed or becomes less visible. In ordinary metals, ( ) is temperature-independent due to the absence of a polaronic effect. In contrast, a polaronic signature appears in ( ) both above * and below * in underdoped cuprates, where ( ) firstly begins to decrease slowly with lowering the temperature down to * . Then the decrease in ( ) with lowering below * becomes more rapid (see Fig. 3 ).
Temperature dependence of the magnetic susceptibility in optimally doped highcuprates
We now consider optimally doped YBCO, where the binding energy B of bipolarons residing between the CuO 2 layers becomes vanishingly small, and the temperature * is very close to c . Here, the defect centers, charge carriers in the broadened impurity band (where FI ( ) ≫ B and I ( ) is replaced by I ( FI ( ))), thermally dissociated large bipolarons, and polaron components of dissociated Cooper pairs contribute to the magnetic susceptibility of these high-c materials. The total dimensionless magnetic susceptibility in optimally doped cuprates can be written as
In this case, the magnetic susceptibility is also defined as ( ) = t ( ) / M for comparing with the experimental data [75] . It is weakly temperatureindependent (see Fig. 4 ), as observed experimentally in the optimally doped YBCO [75] .
From the above considerations, it follows that the coexisting insulating and metallic phases are manifested in the temperature dependence of the magnetic susceptibility of underdoped to optimally doped cuprates.
Temperature dependence of the -axis resistivity in highcuprates at different doping levels
The analysis of the -axis charge transport in highc cuprates at different doping levels may also provide the additional information about the insulating and metallic behaviors of these materials. The transport mechanisms in and out of plane are actually different. Here, we consider specifically the 3D polaron transport at the dissociation of interlayer large bipolarons for studying the problem of insulator-tometal crossover in the bulk of cuprates. We assume that, in doped cuprates, the localized large bipolarons are formed in carrier-poor regions between the CuO 2 layers, and the -axis charge transport becomes possible at the thermal dissociation of these immobile bipolarons into separate polarons, which subsequently move, by hopping along the -axis. According to Ref. [40] , the -axis resistivity of the cuprates above c can be determined as
where 0 is the residual resistivity, ℎ is the hopping distance, and 0 is the out-of-plane optical phonon mode frequency. Now, we will compare our predictions with the experimental c ( ) data for YBa 2 Cu 3 O at various doping levels. In so doing, we apply the model based on the hopping conduction of polarons at the thermally activated dissociation of localized bipolarons residing between the CuO 2 layers to the -axis charge transport observed in YBa 2 Cu 3 O . The comparison of our results with experimental c ( ) data for various samples of YBa 2 Cu 3 O with different doping levels is shown in Fig. 5 . One can see that the calculated results for c ( ) agree very well with the experimental c ( ) data down to c . As can be seen by inspection of Fig. 5 , the insulating behavior of c ( ) in underdoped YBa 2 Cu 3 O is changed gradually to the metallic behavior with decreasing B in optimally doped regime, as shown in Fig. 5 .
Our results show (see Fig. 5 ) that the binding energy of a bipolaron B decreases with increasing the concentration of polaronic carriers in carrier-poor regions between the CuO 2 layers and becomes equal to zero at some critical value of , at which the insulator-to-metal crossover would occur in YBCO. When B tends to zero, the insulating behavior of ( ) changes to the metallic behavior in YBCO at 7.4 × 10 19 cm −3 . With increasing the doping, large bipolarons begin to dissociate, and the insulator-to-metal transition occurs at high doping levels (i.e. at 6.9), at which the binding energy B of such bipolarons becomes vanishingly small.
Conclusions
We have studied thoroughly the distinctive features of the metal-insulator transitions, multiscale phase separation, evolution of coexisting electronic phases (i.e., insulating and metallic/superconducting phases), and the possible manifestations of these interrelated phenomena in hole-doped cuprates. We have examined the effects of metal-insulator transitions and coexisting insulating, metallic, and superconducting phases on the normal and superconducting properties of the cuprates from the lightly to optimally doped regime, where the different types of localized and mobile hole carriers reside in hole-poor (insulating) and hole-rich (metallic) regions. We have argued that the charge carriers introduced into cuprates by hole doping are inhomogeneously distributed in various regions such as those in a deformable lattice and near the dopants (impurities) and other defects. The hole carriers interacting with the lattice vibrations become polaronic quasiparticles and segregate into insulating (carrierpoor) and metallic/superconducting (carrier-rich) regions as a result of their specific ordering. We have shown that the metal-insulator transitions, multiscale phase separation into insulating, metallic, and superconducting stripes, and the evolution of the coexisting insulating and metallic/superconducting phases in hole-doped cuprates would occur in a wide doping interval from ≃ 0.02 to = 0.13. Our results show that the narrow nanoscale metallic stripes in the lightly doped cuprates ( ≃ ≃ 0.02-0.05) persist as vanishingly small islands between very large insulating regions, and then the coexistence of the competing macroscale insulating, metallic, and superconducting phases is expected in underdoped cuprates ( ≃ 0.05-0.13). At > 1/8, the insulating stripes became narrower and persist as vanishingly small insulating islands, which finally disappear in the optimally doped cuprates. We have demonstrated that the metal-insulator transitions, multiscale phase separation, and coexisting insulating, metallic, and superconducting phases are manifested in the suppression of the critical superconducting transition temperature in underdoped high-c cuprates and in the unusual temperature-dependent behaviors of the magnetic susceptibility and the -axis resistivity of lightly to optimally doped cuprates. We have determined the maximum values of the superconducting transition temperature max c in the optimally doped LSCO and YBCO. We have shown that the suppression of superconductivity in LSCO (at 0.13) and YBCO (at 1/8) is caused by an increase of the insulating volume fraction at the expense of the superconducting volume fraction, i.e., a decrease of the superconducting volume fraction is accompanied by the suppression of . Further, we have found that ( ) exhibits three distinctly different behaviors: (i) insulating behavior at ≤ 0.05, (ii) unusual metallic behavior in the underdoped regime ( ≈ 0.05-0.13), and (iii) usual metallic behavior in optimally doped regime. Similarly, the insulating behavior of c ( ) in underdoped YBa 2 Cu 3 O is changed gradually to the metallic behavior in optimally doped YBa 2 Cu 3 O (see Fig. 5 ), when the binding energy B of large bipolarons residing between the CuO 2 layers of the cuprates tends to zero at high doping levels. Most importantly, the distinctive features of the metal-insulator transitions, multiscale phase separation, evolution of the coexisting insulating and metallic/superconducting phases, and possible effects of these interrelated phenomena predicted by us are found experimentally in lightly to optimally doped cuprates.
